INTRODUCTION
Porous silicon has been extensively investigated due to its wide range of applications. It has been used in optoelectronics for its photoluminescence properties [1] . It has also been used as thermal insulator and sensor in Micro-Electro-Mechanical Systems (MEMS) due to its low thermal conductivity and rigid solid structure [2] . In addition, nanoporous silicon is also promising in highly energetic MEMS devices [3] [4] [5] . When exposed to both oxygen and heat, strong exothermic reactions take place within the nanostructures. This can be used for microthrusters, microinitiators, and gas generation for actuators [5] . More recently, nanostructured silicon was identified as a thermoelectric material with an operating temperature ranging from 573 to 1273 K for energy harvesting purposes [6] [7] [8] . Its low thermal conductivity k, high electrical conductivity σ , and high Seebeck coefficient S contribute to a high thermoelectric figure of merit ZT defined as ZT = σ S 2 T /k at temperature T . In all these applications, knowledge of the thermal properties of porous silicon over a wide range of temperature is of significant importance for its practical implementation in devices. conductivity of nanocrystalline silicon films about 1 mm thick prepared using a current activated and pressure assisted densification technique. The porosity and the average grain size varied from 0 to 17% and from 64 to 550 nm, respectively. The measured thermal conductivity showed a temperature dependence of k ∝ T 2 at low temperatures. The author developed a frequency dependent relaxation time model for phonon-grain boundary scattering to accurately predict thermal conductivity of nanocrystalline silicon over a wide range of temperatures.
Most porous silicon films investigated in previous studies were made by electrochemical etching with cylindrical pores and branches. Their sizes were usually on the order of a few to tens of micrometers [24] . Non-close-packed crystalline silicon colloidal nanostructures have also been synthesized using laser-induced transient melt process and porous silicon in sub-micron scale can be produced [25] . Recently, ordered mesoporous silicon films with closely packed pores were produced from mesoporous silica framework using a combination of evaporation induced selfassembly and magnesium reduction [26] . This method enables one to tune the porosity as well as the pore size and spatial arrangement of the mesoporous materials, and in turn, their thermophysical properties [26] .
Modeling
Kinetic Theory Model Based on kinetic theory and relaxation time approximation, thermal conductivity of crystalline materials is expressed as [27] ,
where k m is the solid matrix thermal conductivity, subscript i represents the longitudinal or the transverse polarizations, q is the wavevector, ω i (q) is the angular frequency,h = 1.054 × 10 −34 m 2 kg/s is the reduced Planck's constant, D i (q) = q 2 /2π 2 is the phonon density of states, f BE,i (q) is the Bose-Einstein distribu-
/dq is the phonon group velocity, and τ tot,i (q) is the total phonon scattering relaxation time [27] . Note that the summation is over one longitudinal (i = 1) and two transverse polarizations (i = 2, 3). A fourth order polynomial dispersion relation for silicon was suggested by Hopkins et al. [28] and given by, 
where the relaxation times τ U,i , τ D,i , and τ B,i are given by [28, 30] ,
Here, the coefficients B, C, D, and E are fitting parameters. Furthermore, for nanocrystalline silicon, additional phonon scattering by crystallite grain boundaries becomes important. Then, the total relaxation time for nanocrystalline silicon τ NC,i can be simply expressed as,
where τ grain,i is the relaxation time for phonon scattering by crystallite grain boundaries. A commonly used model suggests that τ grain,i can be expressed as 1/τ grain,i = v g,i /d cryst where d cryst is the crystallite size [27] . This model is based on two assumptions: (i) the effective phonon mean free path is limited by the crystallite size and (ii) phonon scattering by grain boundaries is frequency independent or "gray" [23] . However, Wang et al. [23] recently indicated that a frequency dependent model was required in order to accurately predict thermal conductivity of nanocrystalline silicon. This model was given by [23] ,
where α is a fitting parameter accounting for the effect of grain boundary transmission and varies between 0 and 1. Smaller value of α corresponds to lower phonon transmission through grain boundaries resulting in smaller thermal conductivity [23] .
Finally, the effect of porosity on thermal conductivity of mesoporous silicon should be accounted for by using some effective medium approximations (EMAs) [28, 31] . For example, the coherent potential model gives the effective thermal conductivity k e f f as [32, 33] ,
where f v and k m are the porosity and thermal conductivity of the solid matrix, respectively. This model was first derived by Landauer [32] for the effective dielectric properties of random mixtures of spherical inclusions in a continuous matrix. Cahill and Allen [33] successfully applied this model to predict the thermal conductivity of Vycor glass (amorphous) from 30 to 300 K with pore diameter and porosity approximately equal to 10 nm and 30%, respectively. In addition, this model was also found to agree well with thermal conductivity predictions for amorphous nanoporous silica at 300 K obtained from nonequilibrium molecular dynamics simulations [34] . More recently, a scaling law based on kinetic theory and the coherent potential EMA was found to accurately model the thermal conductivity of nanoporous crystalline silicon calculated using both equilibrium and nonequilibrium molecular dynamics simulations [31, 35] . Note that in these latter studies, the matrix was modeled as monocrystalline and phonon scattering by grain boundaries was ignored.
Minimum Thermal Conductivity Model
As an alternative to the kinetic theory model [Equations (1) to (7)], the minimum thermal conductivity of strongly disordered material k m,min can be estimated using the following model derived by Cahill and Pohl [36] ,
where n = 5.02 × 10 28 m −3 is the atomic number density of crystalline silicon and θ i is a characteristic temperature expressed as [36] . This model has been termed the minimum thermal conductivity model and applies to amorphous and strongly disordered polycrystalline materials [27] .
The present study aims to systematically investigate the effects of temperature, film thickness, and copolymer template on the thermal conductivity of ordered mesoporous nanocrystalline silicon thin films. First, sample film preparation and characterization were described. Then, the effective thermal conductivity measured using the 3ω method was reported from 25 to 315 K. Finally, theoretical modeling was developed by combining the kinetic theory model and the coherent potential EMA. The model predictions were compared with experimental data.
METHOD AND EXPERIMENTS 3.1 Sample Film Preparation
The synthesis of ordered mesoporous silicon thin films similar to the ones investigated in the present study was previously described in detail in Ref. [26] . Briefly, evaporation induced selfassembly (EISA) using sol-gel silica precursors and a diblock copolymer template was used to produce the precursor materialan ordered mesoporous silica film [37] . Mesoporous silicon was produced from the porous silica by magnesiothermic reduction. Here, two types of ordered mesoporous silica films were synthesized through EISA using two different diblock copolymers, 91 , and with a PDI = 1.05, was synthesized using reported methods [38, 39] . Briefly, polyisoprene was grown by anionic polymerization, terminated with an -OH group and then hydrogenated over Pd/C. The resulting PEP-OH was subsequently extended by anionic polymerization of ethylene oxide.
In the synthesis of the mesoporous silica, 30 mg of diblock copolymer was dissolved in 2 mL of ethanol and 600 mg of TEOS and 300 mg of 0.01M HCl were mixed with 2 mL of ethanol in separate containers. These solutions were then mixed and the resulting solution was stirred for 1 hour and aged for 1 day. The films were dip-coated onto silicon substrates using 5-10 cm/min withdrawal rate in a chamber with 30% relative humidity. Films were dried overnight, heated at 60 • C for 24 hours, and then calcined at 450 • C using a 1 • C/min heat ramp in air. The mesoporous silica films produced in this way had spheroidal pores 15 nm in diameter and interpore distance of ∼25 nm. To reduce silica into silicon, the mesoporous silica films were placed into a stainless steel chamber (inner volume= 5 cm 3 ) and 5 mg of Mg was located ∼1 cm away from the film. The chamber was then sealed in a glove box with an argon atmosphere. The Mg vapor was generated by heating the chamber to 675 • C using 2 hours, followed by a 5 hour soak at 675 • C. Cooled films were immersed in 1M HCl for 10 minutes to remove the magnesia. This was followed by a 10 minutes immersion in 0.5% HF to remove any residual silica. All chemistry performed on the silicon films was done under inert atmosphere.
Sample Characterization
Detailed characterization for each ordered mesoporous silicon film was performed using X-ray diffraction (XRD) and scanning electron microscopy (SEM). plated films at different stages of the synthesis process. It is evident that the mesostructure was preserved upon magnesium reduction, and after both HCl and HF washes. However, some contraction was observed due to the thermal processing. The diffraction peaks are somewhat narrower for the PEP-PEO derived material, indicative of a more periodic nanometer scale architecture, but overall, both the PEP-PEO and PB-PEO copolymers resulted in relatively well-ordered cubic pore structure in the final mesoporous silicon.
Figure 2(a) shows an SEM image of the PEP-PEO templated silica film after calcination to remove the diblock copolymer template, but before magnesium treatment. The high quality spherical pore lattice is characteristic of simple oxide phases templated with these types of large diblock copolymer. sized using PB-PEO and PEP-PEO, respectively, after reduction by magnesium and the subsequent HCl and HF washes. The images indicate that the PB-PEO and PEP-PEO templated silicon films have similar crystalline grain size. In addition, although the pores in the mesoporous silicon films shown in Figures 2(b) and 2(c) were not as well ordered or as regularly shaped as the pores shown in Figure 2 (a), they retained the basic shape enforced by the template in the original silica framework. Overall, SEM images illustrate that the porosity does restructure somewhat upon Mg reduction, but they also clearly confirm that the periodicity produced by the diblock copolymer templates is preserved in the final material.
The film thickness was measured using cross-section SEM images with ±15 nm uncertainty. Based on the top surface SEM images, the pore size, wall thickness, and crystal size were estimated to be about 16-18 nm, 13-15 nm, and 13 nm, respectively. The porosity of 30%±5% was expected to be similar to that measured in our previous study of KLE templated mesoporous silica [37] . The ±5% uncertainty accounted for the small change in porosity of the present samples due to the different copolymer templates and the crystallization of silicon during the reduction process. Table 1 summarizes the copolymer template, porosity, film thickness, wall thickness, crystal size, and pore diameter of the mesoporous silicon films investigated.
Thermal Conductivity Measurements
The cross-plane thermal conductivity of ordered mesoporous silicon thin films was measured using the 3ω method with the so-called common-mode-subtraction technique [40, 41] . The principles, experimental apparatus, experimental procedure, and validation of the method have already been described elsewhere and need not be repeated [37, 42] . Briefly, a silicon nitride (Si x N y ) layer, about 300 nm thick, was first deposited on the top surface of the mesoporous silicon films by plasma enhanced chemical vapor deposition (PECVD). This silicon nitride film served both to seal and to protect the underlying mesoporous silicon film from oxidation and acted as an electrically insulating layer. An identical silicon nitride layer was also deposited on a bare silicon substrate in the same batch as the samples to serve as a reference. Then, metallic wires made of 10 nm thick Cr and 80 nm thick Au were deposited on both the sample and the reference using a standard lift-off process. The wires were 30 µm wide and 1 mm long and served as both heater and sensor. The samples were mounted inside a Janis ST100 cryostat and the temperature was controlled between 25 and 315 K with ±0.5 K uncertainty. A SR830 lock-in amplifier from Stanford Research Systems, Inc. was used to measure the third harmonic voltage response V 3ω from the metallic wire.
The temperature oscillation amplitude ∆T was determined from the third harmonic voltage V 3ω according to [40] ,
where V ω is the applied first harmonic AC voltage while dR e /dT is the derivative of the electrical resistance of the heater with respect to temperature. The electrical resistance R e (T ) was measured before each 3ω measurement and was fitted with the Bloch-Grüneisen model [42, 43] . The amplitude of temperature oscillations in the mesoporous thin film ∆T f was then calculated by subtracting the amplitude of temperature oscillation of the deposited reference silicon nitride film ∆T re f (ω) from that of the mesoporous film with the protective silicon nitride film denoted by ∆T tot (ω) [44] ,
where ∆T f was independent of frequency ω. Finally, the thermal conductivity k f of mesoporous silicon thin films was expressed as [44] ,
where P is the electrical power dissipated in the metallic wire, t f is the thickness of the mesoporous film, and 2b and L are the width and length of the gold heater, respectively. According to Equations (9) to (11), the total experimental uncertainty associated with k f was typically between 6% and 15% for the films investigated, and was mainly attributed to the uncertainty in V 3ω (±2%) and in t f (±15 nm).
MODELING
In the present study, the effective medium approximation was combined with the kinetic theory model or the minimum thermal conductivity model described previously to predict the thermal conductivity of mesoporous silicon thin films.
First, the thermal conductivity of mesoporous silicon films was predicted using the kinetic theory model given by Equation (7) where k m was estimated using Equations (1) to (6) . The coefficients in the relaxation time models of Equation (4) (1) to (4) to the thermal conductivity of high purity single crystal silicon from 10 to 1400 K reported in Ref. [19] . In mesoporous silicon, phonon scattering by film boundaries was negligible compared with phonon scattering by grain boundaries since the thickness of the films investigated was at least 10 times larger than the crystallite grain size (Table 1) . Thus, the total relaxation time for these films was given by Equation (5) where the relaxation time model for phonon-grain boundary scattering τ grain,i was predicted by Equation (6) [23] . The transmission parameter α was determined by fitting Equations (1) to (7) to the thermal conductivity of mesoporous silicon films measured between 25 and 315 K. It was found to be 0.093 and 0.051 for PEP-PEO and PB-PEO templated mesoporous silicon thin films, respectively. Both values were about 10 times smaller than those for dense (nonporous) nanocrystalline silicon reported by Wang et al. [23] . In fact, strong phonon scattering took place in mesoporous silicon at both inter-grain and grain-pore boundaries [23, 31] . In the latter case, no phonon could transmit into the pores, i.e., α = 0. Overall, the averaged parameter α retrieved was greatly reduced compared with dense nanocrystalline silicon including those with high-energy grain boundaries [45] .
Finally, the minimum effective thermal conductivity of mesoporous silicon can be predicted by combining Equations (7) and (8) to yield,
where k m,min is the thermal conductivity of the strongly disordered matrix given by Equation (8) . The term (1 − 1.5 f v ) accounts for the reduction in thermal conductivity due to the film mesoporosity. Figure 3 shows the thermal conductivity of the dense nanocrystalline silicon film with grain size of 76 nm as a function of temperature reported by Wang et al. [23] . It also shows the experimental data for high purity single crystal silicon reported in Ref. [19] . The solid and dashed lines correspond to predictions from the kinetic theory model [Equations (1) to (6)] for single crystal and nanocrystalline silicon, respectively. It is evident that the thermal conductivity of the dense nanocrystalline silicon film was between 1 and 4 orders of magnitude smaller than that of single crystal silicon, depending on the temperature range examined. This can be attributed to strong phonon scattering by grain boundaries. Importantly, the model predictions agreed very well Experimental data for single crystal Si [19] Experimental data for nanocrystalline Si with grain size of 76 nm [23] Model prediction [Eqns. (1)- (4) with experimental data for both single crystal silicon and dense nanocrystalline silicon, validating both of these models. Moreover, Figure 3 shows that the thermal conductivity of bulk single crystal silicon decreases with increasing temperature for temperatures above 30 K. This is due to phonon Umklapp scattering which dominated phonon scattering beyond 30 K [27] . On the other hand, the thermal conductivity of dense nanocrystalline silicon did not reach a maximum until about 200 K, after which it started to decrease with increasing temperature. This can be explained by the fact that phonon scattering by crystallite grain boundaries dominated at low temperatures while Umklapp scattering became important beyond 200 K. The measured thermal conductivity and the model predictions for the nanocrystalline silicon were found to be proportional to T 2 at low temperatures (T < 50 K). This is also in good agreement with data reported by Wang et al. [23] . Note that the temperature dependence of k ∝ T 2 is characteristic of amorphous or strongly disordered materials at low temperatures [27] . For single crystalline silicon, k is proportional to T 3 below 10 K [19] . Table 2 summarizes the thermal conductivity of PEO-PEO and PB-PEO templated mesoporous nanocrystalline silicon thin films measured at different temperatures. Figure 4 shows the Eqns. (1)- (7), =0.051
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Eqns. (1)- (7), =0.093 (1) to (7)] and the effective minimum thermal conductivity model [Equations (8) and (12)].
measured thermal conductivity of all PB-PEO and PEP-PEO templated ordered mesoporous nanocrystalline silicon thin films as a function of temperature. It also shows the predictions from coherent potential approximation combined with the kinetic theory model [Equations (1) to (7)] or the minimum effective thermal conductivity model [Equation (12)]. Figure 4 establishes that the measured thermal conductivity of mesoporous silicon thin films varied from 0.01 to 0.4 W/m·K as temperature increased from 25 to 315 K. The thermal conductivity was between 3 and 5 orders of magnitude smaller than that of single crystal silicon over the same temperature range. The reduction was mainly attributed to the presence of pores and strong phonon scattering by crystallite grain boundaries. Interestingly, the measured thermal conductivity of these mesoporous silicon films was about 100 times less than that reported for dense nanocrystalline silicon by Wang et al. [23] . This was due to the facts that (i) the crystallite size (13 nm) was smaller and (ii) the silicon films measured in the present study were mesoporous with porosity of about 30%. Moreover, it is interesting to note that the room temperature thermal conductivity of mesoporous silicon films ranged from 0.23 to 0.37 W/m·K. It was as low as that of mesoporous amorphous silica films [37] despite the crystallinity of the mesoporous Si films.
Comparison between PEP-PEO and PB-PEO templated films indicated that the thermal conductivity of the PB-PEO templated mesoporous silicon thin films was about 30-40% smaller than that of the PEP-PEO templated films over the entire temperature range. This can be attributed to the fact that the PB-PEO templated films had smaller pore diameter than the PEP-PEO templated films (Table 1) . For a given porosity, smaller pore resulted in larger pore surface area per unit volume which increased phonon scattering by pore boundaries [31] . The increased disorder in the PB-PEO templated films may also have contributed to the reduced thermal conductivity. The differences in thermal conductivity between the PEP-PEO and PB-PEO templated films were interesting, because the films were generally very similar and differed only in the details of the nanometer scale morphology. That morphology stemmed from the structure of the initial mesoporous silica films. It can be tuned over a fairly broad range using different polymer templates and/or concentrations [37] . This results in tunable porosity, pore size, pore arrangement, and wall thickness. Because the structure of the mesoporous silica films is mostly retained during magnesium reduction, this synthetic method gives one the ability to tune the structure of the templated mesoporous nanocrystalline silicon thin films in order to achieve the desired thermal conductivity.
Moreover, examination of films of different thickness indicates that the film thickness had a negligible effects on the measured thermal conductivity for both PEP-PEO and PB-PEO templated thin films, considering the experimental uncertainty. Instead, phonon scattering by crystallite grain boundaries dominated over phonon scattering by film boundaries. The slight difference in thermal conductivity for each type of mesoporous silicon thin films could be attributed to small variations in morphology from one sample to another, including porosity, crystallite size, and wall thickness. Figure 4 also establishes that the thermal conductivity predictions from the kinetic theory model, with fitting parameter α = 0.093 for PEP-PEO templated films and α = 0.051 for PB-PEO templated films, captured the behavior of the measured data over the entire temperature range. In addition, the thermal conductivity of mesoporous silicon films increased monotonically with increasing temperature and reached a plateau beyond 300 K. This could be explained by the facts that (i) more phonon modes were excited as temperature increased and contributed to heat transfer and (ii) their contribution was compensated by the simultaneous increase in the phonon Umklapp scattering rate beyond 300 K. Moreover, at low temperatures (T < 50 K), both measured data and model predictions were found to be proportional to T 2 , in accordance with that observed for dense nanocrystalline silicon [23] . Indeed, mesoporous nanocrystalline silicon has a strongly disordered nanostructure, similar to the dense nanocrystalline silicon and thus, it features amorphous-like thermal conductivity at low temperatures.
Finally, it is interesting to note that the predictions from the minimum effective thermal conductivity model [Equation (12) ] also varied linearly with T 2 at low temperatures. However, this model failed to predict the temperature dependence of the measured data at high temperatures. This can be attributed to the fact that, at high temperatures, numerous phonon modes contributed to heat transfer and Umklapp scattering became important resulting in more crystalline-like thermal conductivity which was not captured by the minimum thermal conductivity model.
CONCLUSION
This paper reports preparation, characterization, and crossplane thermal conductivity measurements for ordered meso-porous nanocrystalline silicon thin films from 25 to 315 K. Overall, the measured thermal conductivity was between 3 and 5 orders of magnitude smaller than that of bulk single crystal silicon, depending on the temperature range examined. In addition, thin films templated by PB-PEO copolymer had smaller thermal conductivity than those templated by PEP-PEO copolymer due to their smaller pores and increased disorder. The mesoporous silicon thin films had amorphous-like thermal conductivity proportional to T 2 at low temperatures. On the other hand, they had crystalline-like thermal conductivity at high temperatures as it reached a maximum and plateau beyond 300 K. Finally, a kinetic theory model was used to predict the effective thermal conductivity of mesoporous silicon thin films accounting for (i) phonon scattering by defects and crystallite grain boundaries as well as due to Umklapp scattering in the nanocrystalline matrix and (ii) the porosity of the films. Good agreement was found between the measured data and the model predictions. These results and the model could help establish new strategies to control the thermal conductivity of mesoporous silicon for a wide range of applications including thermoelectric energy conversion.
